Abstract-Four new topologies of active input current shapers (AICSs) for converters with symmetrically driven transformers (such as half-bridge, full-bridge and push-pull) have recently been proposed. This paper analyzes the extension of the use of these new AICSs topologies to converters with asymmetrically driven transformers. Using some of these topologies, the size of AICS inductors can be reduced and even integrated in a single magnetic core. As in the case of other converters with AICS circuit, the new topologies allow line current harmonics to be reduced and thereby to comply with the IEC 1000-3-2 specifications, whilst maintaining all the features of standard dc-to-dc converters (e.g., fast transient response). Finally, the proposed topologies have been experimentally tested.
I. INTRODUCTION

M
ANY power topologies have been proposed and investigated for low-cost, high-performance, ac-to-dc power converters complying with the IEC 1000-3-2 regulations. Some of them are based on the idea of using standard topologies with only small modifications (additional diodes and inductors) in order to comply with the above mentioned regulations [1] - [9] . A detailed review of these new topologies is presented in [10] and [11] . One possible implementation for the above mentioned idea consists in obtaining one additional output from one of the converter's magnetic devices, MD, (e.g., the main converter transformer) and connecting this output between the input rectifier diodes and the bulk capacitor (see Fig. 1 ). The output impedance of this additional output must be high in order to allow the input rectifier diodes to conduct for a relatively wide conduction angle . Several possible implementations for this additional output with high output impedance are shown in Fig. 2 . The first one, [1] , [2] , Fig. 2(a) , consists of a forward output in which the inductor is operating in the discontinuous conduction mode (dcm). This first implementation is modified in [3] , [4] [see Fig. 2(b) ] to be used with a Full-Bridge converter. Thus, a second type of high-output-impedance output General scheme of the ac-to-dc converters proposed in [1] , [9] .
is obtained, in this case using a full-wave rectifier instead of a half-wave one. The third implementation [ [8] , Fig. 2 
(c)]
consists of a forward output with an extra inductor (called delaying inductor in [8] ) with the main inductor operating in continuous conduction mode (ccm). This third implementation has been called active input current shaper (AICS) in [8] .
A comparison of the two first implementations and the third one shows that the peak value of the current flowing through the diodes of the additional output and through the converter transistors is higher in the first cases, due to the dcm operation of the additional output. Moreover, in these first cases, the main output of the converter must also operate in the dcm in order to maintain a moderate voltage variation across the bulk capacitor when there is a wide change in the load. However, with both the additional and the main output operating in the dcm, current stress in all semiconductors is relatively high. Moreover, there are situations where the main output always operates in the ccm. One example of this is the case of using self-driven synchronous rectifiers in this main output. If the above mentioned implementations [see Fig. 2 (a) and (b)] have been chosen, the voltage across the bulk capacitor changes a great deal when the load changes and, therefore, voltage stress in all the converter semiconductors is very high.
For the above reasons, the third implementation [the AICS, Fig. 2(c) ] is more desirable than the first ones. The main drawback of this third implementation is that it uses two inductors instead of one. In order to reduce the total size of these inductors, a new family of AICS has recently been proposed [9] [see Fig. 2(d)-(g) ]. This new type of AICS is based on the use of full-wave rectifiers instead of half-wave rectifiers. By using some of these new AICSs, the size of the delaying inductor can 0885-8993/02$17.00 © 2002 IEEE Fig. 2 . Several types of high-output-impedance outputs (a) based on a forward output working in dcm [1] , [2] , (b) based on a full-wave, centertapped rectifier working in dcm [3] , [4] , (c) based on a forward output with delaying inductor L [8] , (d) based on a single-phase bridge rectifier with one delaying inductor, (e) based on a centertapped rectifier with two delaying inductors, (f) based on a centertapped rectifier with one delaying inductor with a center tap, and (g) based on a centertapped rectifier with only one magnetic core. These last four implementations have been presented in [9] , but only for converters in which the magnetic device MD is driven by a symmetrical voltage waveform.
be divided by 4 and the size of the main inductor by more than 2. However, all the new AICSs have been proposed to be used with dc-to-dc converters in which the voltage across the magnetic device MD (Fig. 1) is a symmetrical waveform. Some examples of this type of converters are the very popular Push-Pull, Half-Bridge and Full-Bridge converters. The possibility of using the above mentioned new types of AICS with dc-to-dc converters in which the AICS is connected to a magnetic device MD driven by an asymmetrical waveform (e.g., Forward, Flyback, SEPIC, Cuk, and Zeta converters) has yet to be studied. This is precisely the main objective of this paper.
II. A REVIEW OF THE PREVIOUS IMPLEMENTATIONS OF THE ACTIVE INPUT CURRENT SHAPER
To analyze the operation of the AICSs shown in Fig. 2(c) , the following assumptions have been made. -
The output inductor is much higher than -The output inductor is operating in the ccm. In these conditions, the Thévenin equivalent circuit between terminals and consists of a voltage source and a Loss-Free Resistor (LFR) (see Fig. 3 ), whose values are [8] (1) (2) where is the value of the voltage across the secondary side of the magnetic device MD when the main converter transistor is on, is the converter duty cycle and is the switching frequency. These elements connected in series between the line rectifier and the bulk capacitor help the line rectifier to start conducting. The conduction angle , (see Fig. 3 ) obtained through these elements must be larger than 67.5 in order to comply with the IEC 1000-3-2 regulations in Class D at 220 V and larger than 64.5 at 230 V [8] . This angle will be wide enough for power supplies used in personal computer, personal computer monitors and television receivers to comply with the new version of the IEC 1000-3-2 regulations for up to 600 W input power. On the other hand, power supplies for other types of equipment will be classified as Class A. In this last case, the minimum conduction angle to comply with the regulations depends on the input power. However, it is always lower than in the case of Class D and, therefore, the size of both and is also lower. In all cases, the size of the magnetic elements used is clearly lower than in the case of using a simple inductor in series with the line (passive solution). This fact is more remarkable in Class D and in Class A above 300 W.
Finally, it should be noted that no energy is dissipated in the AICS (and, therefore, in the equivalent LFR) if all the components are ideal. The energy stored in is transferred to the same place as the energy stored in the magnetic device MD (e.g., to the output if the magnetic device is the transformer/inductor of a Flyback converter, or to the bulk capacitor if it is the transformer of a Forward converter). The energy stored in the delaying inductor is (3) where is the peak value of the current passing through . The AICS concept can also be used in converters with a symmetrically driven magnetic device MD (main converter transformer, in this case). Some very well known examples of this type of converters are the half-bridge, full-bridge, and push-pull converters. In these cases, the AICS proposed in [9] is based on four different implementations of full-wave rectifiers [see Fig In all these cases, the value of the output inductor is about twice as low as in the case of an AICS based on a half-wave rectifier. This is because the switching frequency at the input of the AICS output filter is twice as high as in the previous case (i.e., Fig. 2 (c) and the effective duty cycle is higher than in that same case. The size of the delaying inductor is also smaller and depends on the implementation of the full-wave rectifier. Table I summarizes the results obtained in [9] .
III. ACTIVE INPUT CURRENT SHAPER FOR CONVERTERS WITH AN ASYMMETRICALLY DRIVEN MAGNETIC DEVICE MD
The four new types of AICSs proposed in [9] for converters with a symmetrically driven magnetic device MD can also be used with converters in which this magnetic device MD is asymmetrically driven (e.g., Forward, Flyback, SEPIC, Cuk and Zeta).
Case A: AICS Based on a Bridge Rectifier [ Fig. 4(a) ]: As in the analysis of previous AICSs, negligible current ripple passing through the inductor is going to be assumed here. In these conditions, the delay times and [see Fig. 5 (a)] can be easily computed from Faraday's Law, taking into account that the variation of the current passing through during and is twice (4) (5) where and are the voltages at the input of the AICS when the main transistor is on and off, respectively.
The effective duty cycles and will be (6) Taking into account that the rectifier is a full-wave one, the voltage at the output of the delayed output will be (8) The volt-second balance applied to the magnetic device MD gives (9) From (4)- (9), we obtain (10) Equation (10) can be rewritten as follows: (11) where (12) (13) Therefore, the value of for the implementation shown in Fig. 4(a) is the same when the voltage across the windings of the magnetic device MD is symmetrical [9] and when it is asymmetrical.
If we compare this case and the case of using an AICS based on a half-wave rectifier (2), it should be noted that the same value of will be obtained with a value of the delaying inductor 4 times lower. Due to the fact that the value of the current is the same in both cases and the inductance is four times lower, then the energy stored will also be four times lower and the inductor size will be about four times smaller. 
These results coincide with the ones obtained when the magnetic device MD is symmetrically driven [9] . Comparing this case with the case of an AICS based on a half-wave rectifier [8] , the value of the delaying inductors and is two times lower. However, two delaying inductors (instead of one) must be used and, therefore, the total size of the magnetic cores will be very similar.
Finally, it should be noted that this type of AICS seems to be similar to one of the two-terminal cells given in [11] if the function of the delaying inductors [ Fig. 4(b) ] is performed by the leakage inductance of the windings (see Fig. 10 in [11] ). However, the operation of both circuits is very different due to the different position of the transformer's dots in both cases.
Case C: Centertapped Rectifier With One Delaying Inductor With Center Tap [Fig. 4(c) ]: Both delaying inductors and of the previous AICS can be coupled into only one magnetic core. Its magnetizing inductance, at one of the two windings, will be (see Fig. 6) (19) where is the inductance of the total winding. Taking into account that the variation of magnetizing current is 2 (see Fig. 6 ), the delay time will be (20)
In this case, (4) and (5) are also valid if is substituted for . Therefore, following the same process as the one followed in the previous sections:
These results coincide again with the ones obtained when the magnetic device MD is symmetrically driven.
Comparing this case with the case of an AICS based on a half-wave rectifier, the value of the delaying inductor is the same in both cases. However, the energy stored (and, therefore, the inductor size) is not the same, because current is not passing through all inductor at the same time. In fact, the total current is divided into two currents ( and ) which circulate through the two parts of . The energy stored in has a maximum value when all the current flows through only one of the two halves of , that is, through an inductance whose value is . Thus, the energy stored will be four times lower in this case than in the case of a delaying inductor based on a half-wave rectifier and, therefore, the inductor size will be about four times smaller.
Case D: Centertapped Rectifier With One Magnetic Core [ Fig. 4(d) ]: As in the case of a symmetrically driven magnetic device MD, the two delaying inductors and and the output inductor (Case B) can be built using only one magnetic core, according to the process shown in Fig. 7 . The new device consists of only one magnetic core with two windings with the same number of turns. The coupling between both windings must not be very tight, so that the value of the two leakage inductances is equal to the desired value of the delaying inductance, obtained from (18). Two possible practical implementations are shown in Fig. 7(b)-(c) . Details about how a two-winding, top-bottom arrangement [ Fig. 7(b) ] must be designed to have a specific leakage inductance can be found in [12] . Magnetic design tools (such as UO-M T [13], PEmag [14] , etc) can also be useful for this purpose.
The results obtained in this section show that the values of and for the four cases of AICSs based on full-wave rectifiers do not depend on the type of waveform (symmetrical or asymmetrical) used to drive the magnetic device MD where the AICS has been connected. It should be noted that this result is valid when (which is the case shown in Fig. 5 ) and also when . This last expression corresponds to the case when the magnetic device is either the transformer of a standard Forward converter or the transformer/inductor of a Flyback, SEPIC, Cuk or Zeta converters operating in the dcm.
Regarding the value and the size of the delaying inductors, the results are very different depending on the implementation chosen. Thus, two delaying inductors must be used in Case B and in Case D. Each of the delaying inductors stores energy only for half a switching period, whereas it remains with no energy stored for the rest of the period. This means that these topologies do not take advantage of the total volume of the magnetic core. For this reason, the implementation shown in Case B does not seem to be very attractive. However, if both delaying inductors and inductor are integrated into only one magnetic core [Case D, Fig. 7 (b) and 7(c)], the final implementation seems to be very attractive. On the other hand, the delaying inductor used in Case A and in Case C stores energy during all the switching period and the maximum value of this energy is the same in both cases. However, the volume of copper necessary to obtain the same dc resistance is not the same in both cases, due to the fact that the rms value of the current flowing through the delaying inductor in Case A is lower than the sum of the rms value of the currents passing through the two halves of the delaying inductor in Case C. Therefore, the total size of the delaying inductor is lower in Case A and this implementation seems to be the best one from this point of view. However, two rectifier diodes are always conducting at the same time in this case, whereas only one is conducting in Case C. Therefore, from this point of view, implementation C seems to be better than implementation A, especially when the input voltage is relatively low (American or Japanese range of input voltage).
The use of two of the four new types of AICSs for an ac-to-dc converter in which the dc-to-dc part is a Flyback topology, is shown in Fig. 8 . Finally, the equations to design this converter are exactly the same as those used with the previous AICS based on a half-wave rectifier [8] . The only difference is that the values of and must be calculated according to the values shown in Table I , which are valid for AICSs connected to magnetic devices driven by both symmetrical and asymmetrical waveforms.
IV. DESIGN AND EXPERIMENTAL RESULTS
A prototype of an ac-to-dc converter with the new implementations of AICS (see Fig. 9 ) was designed, built and tested. The dc-to-dc part of this converter is a classical Flyback. All four new types of AICS have been tested. The main converter characteristics are -V rms V dc -A kHz This converter was designed according to the procedure described in [8] . The value of the theoretical conduction angle at 230 V rms (nominal voltage) and at full load was set at 82 (it should be noted that this angle must be higher than 64.5 ), which means that the conduction angle at 190 V rms and full load will be 94.2 . The value of the equivalent voltage source at full load and minimum line voltage (190 V rms), , is 85.8 V dc. The value of will change according to the operating conditions (output power and input voltage) from up to 99.5 V dc. Once has been calculated, the next step is to calculate the ratio of turns of the main output ( , Flyback output) and of the additional one ( , AICS). For this calculation, it should be noted that the voltage across the bulk capacitor at minimum line voltage and full load must be set equal to the peak value of this line voltage (that is, 269 V dc), in order to minimize the power recycled by the AICS. Therefore, the values of the , (both at full load) and are known and, hence, the values of , and of the maximum duty cycle can be chosen. The values selected are Following the procedure shown in [8] with the only modification of assuming that final efficiency will be around 85%, the value of the equivalent LFR, , was also calculated at 58.5 . The theoretical peak value of the input current (excluding the high-frequency ripple) will be 1.46 A at 190 V rms and 1.3 A at 265 V rms. It should be noted that the above mentioned condition of minimum power recycled by the AICS means that the voltage across must be equal to at full load, at minimum line voltage and at the exact peak value of the line voltage.
From the value of , the theoretical values of the delaying inductors can be easily calculated. Maximum voltage across the bulk capacitor occurs when the converter operates with no load at maximum line voltage. Its maximum theoretical value will be the sum of the maximum peak value of the line voltage plus the maximum value of the equivalent voltage source , that is, 474 V dc. However, the actual value of this voltage will be lower than this value because the value of will not reach its maximum theoretical value (99.7 V), since this value has been calculated assuming that the Flyback converter is always operating in the ccm. However, it will start operating in dcm at medium load and, therefore, the converter duty cycle operating in this mode will be lower than the one in ccm and, hence, the value of will also be lower. The voltage stress across the transistor (excluding spikes) will be the sum of the maximum voltage across the bulk capacitor (lower than 474 V) plus the value of output voltage reflected to the primary winding (126 V). The final rating chosen for this transistor was 600 V. Similarly, the voltage stress across the Flyback diode (excluding spikes) can be easily calculated (257 V). The minimum rating for this component was chosen to be 300 V.
Voltage stress across the AICS diodes depends on the type of AICS chosen. Thus, the voltage across two of the four diodes in Case A is 237 V, whereas the voltage across the other two is 63 V. In the rest of the cases, the voltage across the diodes is twice these values (474 V for one of them and 126 V for the other). In all cases, the maximum peak value of the current passing through these diodes is 1.46 A.
One interesting issue involves determining the amount of power recycled by the AICS. From the equivalent circuit shown in Fig. 3 and from the design procedure presented in [8] , this power can be calculated. The results at full load are 8.85 W (at 190 V rms), 11.56 W (at 230 V rms) and 12.41 W (at 265 V rms). Therefore, the recycled power at full load is only around 10% of the total output power (108 W).
Another interesting issue is to compare the size of the part of the Flyback's inductor/transformer winding connected to the AICS (14 turns) and the size of the one connected to the Flyback output (12 turns). The maximum rms value of the current passing through the first winding is 0.5 A, whereas for the second winding it is 2.42 A. Therefore, if the same current density is maintained in both windings, the size of the first winding will be around 4.8 times smaller than the size of the other winding. The final selection of the components used was (see Fig. 9 ). Figs. 10-13 . The efficiency reported was measured in a final prototype, with all the auxiliary circuitry included (starting-up system, over current protection, etc). In order to evaluate the degradation of converter efficiency due to the AICS, converter efficiency with the AICS removed is shown in Fig. 12(b) . As this figure shows, inclusion of the AICS decreases total efficiency around 0.3-2%.
All the results shown in Figs. 10-13 have been obtained with AICS Case A (see Fig. 9 ). However, these results are almost the same when the other new AICS implementations were tested. Only a slight reduction in converter efficiency was measured when implementation Case D was tested (1-2 points lower). Finally, the measured values of the voltage across the bulk capacitor coincide with those theoretically predicted (at least as long as the main converter is operating in ccm) and this voltage is always lower than 450 V. This voltage is the usual maximum rating for electrolytic capacitors.
V. CONCLUSIONS
This paper deals with the extension of the use of the new AICSs (recently proposed for converters with symmetrically driven transformers, such as push-pull, half-bridge, etc) to converters in which the AICS is connected to an asymmetrically driven magnetic device (transformer, inductor or inductor/transformer). Examples of these type of converters are the very popular Flyback, Forward and SEPIC converters. These new AICSs conserve the same features as the previous one, that is: 1) only a few elements are added to the classical dc-to-dc converters; 2) fast response when the load changes (as in standard dc-to-dc converters); 3) low efficiency-penalty to comply with IEC-1000-3-2; 4) low variation in the voltage across the bulk capacitor if the converter is operating from a specific range of input voltage (either European or American).
Moreover, the new AICSs allow a considerable reduction in the size of the magnetic elements in comparison to the previous AICS proposed for the same converters. Thus, the main inductor in these new AICSs is about half as large as in the previous AICS. Furthermore, the new AICSs also allow either a four-fold reduction in the delaying inductor size or the integration of all AICS inductors into only one magnetic core.
